Abstract-This paper presents a novel shared-aperture dual-band dual-polarized (DBDP) high-gain antenna for potential applications in synthetic aperture radars (SARs). To reduce the complexity of SAR antennae, a DBDP high-gain antenna based on the concept of Fabry-Perot resonant cavity is designed. This antenna operates in both C-and X-bands with a frequency ratio of 1:1.8. To form two separate resonant cavities, two frequency selective surface layers are employed, leading to high flexibility in choosing desired frequencies for each band. The beam-scanning capability of this proposed antenna is also investigated, where a beam-scanning angle range of ±15°is achieved in two orthogonal polarizations. To verify this design concept, three passive antenna prototypes were designed, fabricated, and measured. One prototype has broadside radiation patterns, while the other two prototypes have frozen beam scanned to +15°. The measured results agree well with the simulated ones, showing that the high gain, high port isolation, and low cross-polarization levels are obtained in both the bands. Compared with the conventional high-gain DBDP SAR antennae, the proposed antenna has achieved a significant reduction in the complexity, mass, size, loss, and cost of the feed network.
information content, as it can provide both of the copolar and cross-polar scattering data. SAR antennae are usually bulky, heavy, and expensive in the SAR systems. Therefore, it is always desirable to reduce the complexity, size, mass, and cost of a SAR antenna while achieving the capability of multiband operation, dual polarizations, and high gain.
Dual-band dual-polarized (DBDP) antenna arrays have been used in many SAR systems [2] [3] [4] . For instance, in the shuttle imaging radar system [5] , two frequencies (L-band and C-band) and dual-polarization were used; however, the L-band and C-band antennae did not share the same aperture, resulting in a large and bulky structure. Shared-aperture DBDP antenna is an attractive solution for future SAR applications [6] [7] [8] [9] [10] [11] [12] . One method for designing shared-aperture DBDP antennae is to employ the perforated structure [6] , [7] . For example, two different sizes of patches were integrated in one aperture to obtain the dual-band operation. The interlaced layout is another way to share the common aperture for different frequency bands. An example was reported in [8] , where the interlaced patches with dipoles were applied. Although these shared-aperture SAR antennae can achieve high gain and high port isolation in each frequency band, it is very challenging to design the feed networks. Usually, a number of large-size feed networks with multiple layers are required for one multiband dual-polarized SAR antenna, as a dedicated feed network is needed to operate at a single polarization in each frequency band, which causes high complexity, bulky size, high mass, and high fabrication cost. More importantly, beam scanning is usually required in SAR application. The beam-forming network (e.g., including the attenuators and phase shifters) can result in very high cost if a conventional phased array is used. For SAR applications, especially in low-cost small satellites [13] , a simple, low-cost shared-aperture DBDP highgain SAR antenna is highly desirable. The objective of this paper is to fill this gap.
Fabry-Perot (FP) antennae have been studied intensively in recent years due to their advantages of high gain, easy fabrication, and simple feed networks compared with the traditional high-gain antennae [14] [15] [16] [17] [18] . Many dual-band FP antennae were reported. A method employing electromagnetic bandgap was proposed to achieve dual-band operation [16] . Another method for realizing dual-band operation is based on the inverted reflection phase gradient of the partially reflective surface (PRS). A dual-band FP antenna using a single-layer PRS was reported in [19] . A similar design was reported in [20] , where two dielectric slabs were applied to generate the inverted reflection phase gradient of the PRS. However, these antennae mentioned above cannot tune the two frequencies independently. To overcome this problem, the method to form two separate resonant cavities by using two frequency selective surface (FSS) layers was reported in [21] and [22] . This paper presents our recent research work on the design of a DBDP shared-aperture antenna with high gain, simple feed structures, and low cost for SAR applications. To reduce the complexity and size of feed networks, the concept of FP cavity antenna is employed. Two frequency selective surface (FSS) layers are employed as the PRS to form two separate resonant cavities. One advantage of this method is that it can achieve flexible frequency ratio, which can be easily adapted to the design of SAR antennae. Two typical frequencies, 5.3 and 9.6 GHz, are chosen in this proposed antenna. The beam-scanning capability is investigated as well. Compared with the conventional multiband dual-polarized SAR antennae, it achieves a significant reduction in complexity of the feed network. To validate this design concept, prototypes were fabricated and measured.
This paper is organized as follows. In Section II, the details of the antenna requirements, working principle, and PRS design are given. Section III presents the analysis of the DBDP FP antenna. The simulation and measurement results, including the study of the beam-scanning capability, are shown in Section IV. Finally, the conclusion is drawn in Section V.
II. DUAL-BAND PRS DESIGN

A. Antenna Requirements
The antenna plays an important role in the overall SAR system, such as system sensitivity, spatial resolution in range and azimuth, image ambiguities, and swath coverage. In this paper, two typical frequencies for SAR application, 5.3 and 9.6 GHz, are selected. The frequency ratio is approximately 1:1.8. A bandwidth of 200 MHz is required in the two operating frequency bands, thus the fractional bandwidth is 3.7% in the C-band and 2.1% in the X-band, respectively. Usually, the beam scanning, such as the electronic or mechanical beam scanning, is required in SAR antennae. For this antenna, the beam is fixed in one plane and is scanned within ±15°in the other orthogonal plane. Moreover, the sidelobe level (SLL) of the antenna must be reduced to minimize the range ambiguities. Due to this reason, the SLL in the scan range is required below −10 dB. Polarization purity is another important parameter in a dual-polarized SAR system. Usually, the cross-polarization levels below −25 dB are required. These specifications are shown in Table I . in Fig. 1 . Each FSS layer should satisfy the condition that one resonant cavity is active at one frequency, while it is almost transparent to the other frequency. As shown in Fig. 1(a) , when this proposed antenna is working at the lower frequency, where the resonant cavity is formed by the upper FSS and the ground plane, the lower FSS is almost transparent to the waves at the lower frequency. When this antenna is working at upper frequency, the upper FSS has little effect on the propagation of the waves, as shown in Fig. 1(b) . Meanwhile, high reflection magnitude is required to guarantee significant enhancement of antenna's directivity [14] .
B. Design Principle and FSS Structures
A novel patch type and a ring slot are chosen as the upper and lower FSSs, respectively, as shown in Fig. 2 . The gray region represents the copper conductor and the yellow region represents the substrate. Four small arms are connected and placed around the center square patch in the upper FSS. The dimension of this FSS is a 1 . The size of the center patch is a 2 and the length of the outside of the arms is set as L 1 . The space between the two arms is defined as a 3 . For the lower FSS, the width and the inner length of the ring slot are set as w 1 and d 1 , respectively. Both of these two FSSs have the same period of P. Rogers 4003C with the thickness of 1.5 mm and a relative permittivity of 3.55 is chosen as the substrate.
The full-wave simulator (CST MWS) is employed to study the reflection coefficient of the FSSs with periodic boundary. Fig. 3 shows the simulated results of the upper FSS. As shown, it has high reflection magnitude in the lower frequency band and exhibits bandpass feature in higher frequency band. The simulation results also suggest that the upper FSS allows controlling the bandpass frequency and reflection magnitude by adjusting a 1 and a 3 , respectively. The reflection coefficient of the ring slot is shown in Fig. 4 . It can be observed that the resonant frequency (where the full transmission occurs) is mainly controlled by the length of the slot. The resonant frequency moves to lower frequency with the increase in d 1 .
The reflection magnitude decreases with the increase of w 1 in the upper band, as shown in Fig. 4(b) , which can be applied to adjust the reflection magnitude in the X-band. the bandpass property occurs at 5.3 and 9.6 GHz on the lower and upper FSS, respectively. The reflection magnitudes at 5.3 GHz on the upper FSS and 9.6 GHz on the lower FSS are 0.9 and 0.8, respectively. The reflection phase of each FSS is also calculated and plotted, which can be used to estimate the cavity height based on the following equation:
where ϕ H and ϕ L are the reflection phase of PRS and ground plane, respectively. h is the distance between the PRS and the ground plane.
To check the dual-band operation, the transmission coefficient is calculated using the image theory. The total transmission coefficient can occur at the resonant frequency when the FSS is placed above the ground plane. Fig. 6 shows that the transmission coefficient through the cavity is close to 0 dB at two resonant frequencies, which implies that the dual-band performance at these frequencies is obtained by using the proposed FSSs. Moreover, the resonances move to lower frequencies with the increase of cavity height, which agrees with (1). Thus, the resonant frequencies can also be tuned by adjusting the heights of the two cavities.
III. DUAL-BAND PERFORMANCE
A. Antenna Configuration
The feed antenna plays an important role on the performance of FP antennae. In this paper, the feed antenna consisting of a C-band patch and a 2 × 2 X-band antenna array is employed. The slot coupling patch antenna is chosen as the element of the feed antenna, which is shown in Fig. 7(a) . To increase the bandwidth, there is an air gap (h air ) between the radiating patch and the ground plane. The patch is printed on the bottom side of the Rogers 4003C substrate with the thickness of 0.8 mm. The dimensions of the patch antennae are determined by their operating frequencies.
To make the feed antenna have a common phase center in C-and X-bands, the C-band patch is placed in the center of the ground plane and four X-band elements are around the C-band patch, as shown in Fig. 7(a) . The spacing between each element of the X-band array is set as d. To excite these antennae, the feed networks are designed for the C-band patch and X-band array to excite two polarizations and are printed on the bottom side of the substrate. Two two-way power dividers are included in the X-band feed network. To achieve in-phase excitation for the X-band array, three 180°phase difference are designed in the proposed feed network.
B. Performance of the Proposed Antenna
For the X-band array located in the cavity, it is expected that the isolation between each element is lower than the conventional antenna arrays, because the electromagnetic wave radiated by any of the antenna element can be reflected back by the PRS and received by the adjacent antenna element. The isolation reaches above 35 dB in a conventional array when the spacing is 40 mm. The isolation decreases when the PRS is employed to form the resonant cavity, as shown in Fig. 8 . However, it can be improved by increasing the spacing between the two elements.
To obtain an acceptable isolation, the spacing between two X-band elements is chosen as 40 mm. In this case, despite that the X-band feed array is a sparse array, with the presence of the PRS, both of the directivity and grating lobe can be improved [23] . A comparison of the radiation patterns between the sparse array and the one with PRS is shown in Fig. 9 . As can be seen, a significant suppression of the grating lobe is achieved when the PRS is applied. This can be explained by the E-field distributions of the sparse array with and without the PRS shown in Fig. 10 . The uniform E-field distribution occurring on the surface results in the suppression of the grating lobe.
C. Effect of Physical Size on Antenna's Gain
The effect of the PRS size on the antenna's gain is investigated in this section. Fig. 11 shows the calculated gain with different numbers of PRS units, where the unit of the PRS varies from 6 × 6 to 12 × 12 units. It is shown that the gain increases with the increase of the PRS units. A peak gain of 15 and 18.7 dBi occurs in the C-and X-bands, respectively, in the case of 6 × 6 units. Then, the peak gain increases by 2.2, 4.1, and 4.8 dB when the units increase to 8 × 8, 10 × 10, and 12 × 12, respectively, in the C-band. The peak gain is increased by 2, 2.4 and 3.1 dB in the X-band, respectively. Little enhancement of the gain occurs when the number of the PRS units keeps increasing. This is due to the reason that the dimension of the PRS is large enough and the reflected wave from the edges of PRS has little contribution to antenna's gain. Moreover, the 3-dB gain bandwidth becomes narrower with the increase of PRS units. It is because during the design of the PRS, it is assumed that the PRS has a normal incident angle. It gives a good approximation if the dimension of the PRS is moderate compared with the height of the cavity. As the dimension of the PRS increases, the angle of the incident wave cannot be ignored; otherwise, phase errors can affect the overall radiation pattern, leading to the decrease of radiation bandwidth.
To better demonstrate the working principle of the present antenna, Fig. 12 shows the side view of the E-field distributions in the cavity. It can be seen that the lower frequency is working in the resonant cavity formed by the upper PRS and the ground plane. The cavity formed by the lower PRS and the ground plane is responsible for the higher frequency.
IV. SIMULATION AND MEASUREMENT
A. DBDP-FP Antenna With Broadside Radiation
Based on the previous discussion, a finite-size DBDP-FP antenna is simulated as a subarray antenna. The lateral size of the PRS is 140 × 140 mm 2 , which consists of 8 × 8 units.
To verify the concept, a prototype was fabricated and measured, as shown in Fig. 13 . The optimized cavity heights of this proposed antenna are chosen as h 1 = 31 mm and h 2 = 17.1 mm, respectively. The cavities are formed by six hexagonal nylon spacers placed around the corners of the ground plane. This is also taken into consideration during the simulation.
The simulated and measured S-parameters of this proposed antenna are shown in Fig. 14 For V -polarization, the bandwidth is from 5.2 to 5.63 GHz and 5.28 to 5.63 GHz, respectively. In the X-band, the simulated impedance bandwidth is wider than 600 MHz for both the polarizations. Isolation higher than 25 and 35 dB in the lower and upper frequency bands is obtained, respectively. In addition, the measured isolation between two different bands in the same polarization is better than 25 dB. The isolation between two different bands in two orthogonal ports is better than 40 dB.
The simulated and the measured realized gain of this antenna are shown in Fig. 15 . The measured peak gain occurs at 5.32 GHz in H -polarization and 5.3 GHz in V -polarization, reaching 16.3 and 16.4 dBi, respectively. In the X-band, both the peak gains in dual-polarizations occur at 9.6 GHz, which is around 20 dBi in the two polarizations. The 3-dB gain bandwidth is from 5.2 to 5.43 GHz (4.5%) in H -polarization and from 5.22 to 5.46 GHz (4.7%) in V -polarization in the C-band. These values reach 7.3% in H -polarization and 7.9% in V -polarization in the X-band. To further increase the gain and gain bandwidth in the lower band, a sparse array instead of single patch can be employed. In this case, the dimension of the PRS needs to be enlarged as well. To show the enhancement of antenna gain by using the proposed PRS, the gain of the feed antennae is also presented as the reference in Fig. 15 . It can be observed that the gain increases by around 10 and 9 dB in lower and upper frequency bands with the presence of the proposed PRS.
The measured radiation patterns are shown in Figs. 16 and 17 . Good agreement between the simulated and measured results is obtained. It can be found that the peak radiation happens in the broadside direction at these Fig. 18 .
Layout of the array antennae as the primary source for beam scanning.
two frequencies. The measured SLL is less than −14.5 dB in both E-and H -planes at 5.3 GHz in H -polarization. Meanwhile, the cross-polarization level less than −25 dB in the two principal planes is achieved. Similar results are obtained in V -polarization in the C-band, as shown in Fig. 17 . At 9.6 GHz, the SLL remains below −14.8 and −18.1 dB in the E-and H -planes in the two polarizations. The cross polarization at 9.6 GHz in the E-and H -planes is below −30 dB.
B. Scan Capability of the Proposed Antenna
The scan range of the presented antenna is required to achieve ±15°at the two working frequencies with SLL lower than −10 dB. The key for achieving beam scanning is to obtain a region of the phase gradient on the aperture of the PRS. There are mainly two approaches to steer the FP antenna's beam. The first one is to employ phase-varying meta-material as the PRS to realize a variable phase distribution on the surface of the PRS. In [24] , a maximum tilt angle of 20°w ith respect to the broadside was reported by changing the capacitance of the PRS. Another method is to employ a phased array as the feed antenna. A beam scanning of ±15°was achieved in [25] . The two methods were combined in [26] , where a reconfigurable PRS was fed by a phased array to accomplish a maximum beam-scanning angle of 15°.
In this paper, a phased array is chosen as the feed antenna to achieve the beam scanning, since it is simpler, more flexible, and suitable for SAR application compared with phase-varying meta-PRS. The 1 × 4 and 1 × 8 antenna arrays are employed as the primary source to investigate the scan capability of this proposed antenna, as shown in Fig. 18 . The spacing between the two elements is kept the same as the one in Section III(B). The feed arrays are excited using external power dividers with microstrip delay lines to generate the shaped beams. Both the feed arrays (C-band and X-band) were placed in the cavity when this proposed antenna was simulated. The calculated radiation patterns at 5.3 and 9.6 GHz are shown in Figs. 19 and 20, respectively. It can be observed that the 15°beam scanning can be obtained by using both 1 ×4 and 1×8 feed arrays. The grating lobe is over −10 dB in the C-band when the 1 × 4 antenna array is employed. Both the grating lobe and the SLL can be further reduced by increasing the feed elements, since better beamforming can be achieved in the case of 1 × 8 feed array. As shown in Figs. 19(b) and 20(b) , the grating lobe and the SLL have significant improvement in the C-and X-bands when this proposed antenna is fed by 1×8 X-band array. Since the antenna structure is symmetric, the −15°beam scanning can be achieved as well in this proposed antenna.
To verify the above discussion, the antenna prototypes were fabricated. Due to the availability of the substrate size in our lab, the fabricated prototypes only consist of one 1×4 X-band feed array and one 1 × 2 C-band array antennae. During the measurement, the Wilkinson power divider with the specific microstrip delay lines was designed to maintain the desired phase delays in the feeding array, which also ensures the required phase gradient on the aperture of the PRS, as shown in Figs. 21 and 22. The measured reflection coefficient shown in Fig. 23 is lower than −10 dB from 5.2 to 5.45 GHz with the isolation better than 35 dB in the C-band. The impedance bandwidth in the X-band is from 9.4 to 10.1 GHz with good isolation between two orthogonal polarizations.
The measured broadside radiation patterns of this prototype in the C-band are shown in Fig. 24(a) and (b) , which agree well with the theoretical ones. Since the C-band feed array is small, beam shaping is not performed. The radiation patterns in the X-band are shown in Fig. 24(c) and (d) , which implies that the present antenna can scan the beam to 15°as expected. The measured gain can achieve 21.4 dBi (H -polarization) and 21.2 dBi (V -polarization) for broadside radiation in the X-band, respectively. The gain of 20.8 dBi (H -polarization) and 20.5 dBi (V -polarization) for steered radiation is obtained in the X-band, respectively. These values achieve 16.2 dBi (H -polarization) and 16.1 dBi (V -polarization) in the C-band. When the beam is steered to 15°, the measured gain only decreases by 0.6 dB. The antenna efficiency can achieve approximately 61.5% and 62% in the C-and X-bands for broadside, respectively. The efficiency of steered radiation in the X-band is 55.6%. The SLL can be further reduced by increasing the number of feed elements as discussed. 
V. CONCLUSION
A shared-aperture DBDP FP resonant antenna operating at both C-and X-bands for SAR applications is presented. High gain is obtained at both frequency bands. The scanning capability of this antenna fed by a small antenna array is also investigated. Both the simulation and measurement results show that ±15°beam scanning can be achieved by using a small phased array as the feed. Compared with the conventional DBDP aperture-shared SAR antennae, the proposed antenna has the advantages of simple feed network and easy fabrication. In addition, the present design technique is flexible and can be applied to the design of high gain DBDP antenna with different frequency ratios.
